Quantum correlations are critical to our understanding of nature, with far-reaching technological [1] [2] [3] [4] and fundamental impact. These often manifest as violations of Bell's inequalities [5] [6] [7] [8] , bounds derived from the assumptions of locality and realism, concepts integral to classical physics. Many tests of Bell's inequalities have studied pairs of correlated particles; however, the immense interest in multi-particle quantum correlations is driving the experimental frontier to test systems beyond just pairs. All experimental violations of Bell's inequalities to date require supplementary assumptions, opening the results to one or more loopholes, the closing of which is one of the most important challenges in quantum science. Individual loopholes have been closed in experiments with pairs of particles [9] [10] [11] [12] [13] [14] and a very recent result closed the detection loophole in a six ion experiment [15] . No experiment thus far has closed the locality loopholes with three or more particles. Here, we distribute three-photon Greenberger-Horne-Zeilinger entangled states[16] using optical fibre and free-space links to independent measurement stations. The measured correlations constitute a test of Mermin's inequality [17] while closing both the locality and related freedom-of-choice loopholes due to our experimental configuration and timing. We measured a Mermin parameter of 2.77 ± 0.08, violating the inequality bound of 2 by over 9 standard deviations, with minimum tolerances for the locality and freedom-of-choice loopholes of 264 ± 28 ns and 304 ± 25 ns, respectively. These results represent a significant advance towards definitive tests of the foundations of quantum mechanics [18] and practical multi-party quantum communications protocols [19] .
Quantum correlations are critical to our understanding of nature, with far-reaching technological [1] [2] [3] [4] and fundamental impact. These often manifest as violations of Bell's inequalities [5] [6] [7] [8] , bounds derived from the assumptions of locality and realism, concepts integral to classical physics. Many tests of Bell's inequalities have studied pairs of correlated particles; however, the immense interest in multi-particle quantum correlations is driving the experimental frontier to test systems beyond just pairs. All experimental violations of Bell's inequalities to date require supplementary assumptions, opening the results to one or more loopholes, the closing of which is one of the most important challenges in quantum science. Individual loopholes have been closed in experiments with pairs of particles [9] [10] [11] [12] [13] [14] and a very recent result closed the detection loophole in a six ion experiment [15] . No experiment thus far has closed the locality loopholes with three or more particles. Here, we distribute three-photon Greenberger-Horne-Zeilinger entangled states [16] using optical fibre and free-space links to independent measurement stations. The measured correlations constitute a test of Mermin's inequality [17] while closing both the locality and related freedom-of-choice loopholes due to our experimental configuration and timing. We measured a Mermin parameter of 2.77 ± 0.08, violating the inequality bound of 2 by over 9 standard deviations, with minimum tolerances for the locality and freedom-of-choice loopholes of 264 ± 28 ns and 304 ± 25 ns, respectively. These results represent a significant advance towards definitive tests of the foundations of quantum mechanics [18] and practical multi-party quantum communications protocols [19] .
In his breakthrough work, John Bell [5] derived upper bounds on the strength of correlations exhibited by local hidden variable (LHV) theories, very general models of nature in which measurement outcomes in one region of space are independent of the events in other space-like separated regions. Quantum mechanical correlations can violate these bounds. Greenberger, Horne, and Zeilinger (GHZ) extended Bell's argument to the scenario with three-particle entangled states, and showed they could manifest violations of local realism in a fundamentally different way [16, 20] . The GHZ argument was converted into the form of an inequality by Mermin [17] which we experimentally tested.
An ideal Bell inequality experiment requires separating two or more particles by a large distance and making highefficiency local measurements on those particles using randomly chosen settings and comparing these results [21, 22] . The first Bell inequality tests were carried out using twophoton cascades in atomic systems [7, 8] . Mermin's inequality was violated using three-photon entanglement from a parametric down-conversion source [23] . However, these and the many other Bell experiments that followed are subject to one or more loopholes that could, in principle, be exploited to yield a violation even though nature is in fact describable by an LHV model. The detection loophole concerns LHV models which take advantage of low detection efficiency [22] ; it has been closed for two-particle Bell inequalities in ion trap and photon experiments [9] [10] [11] as well as a six ion experiment [15] . Those experiments that do not close this loophole must appeal to the fair-sampling assumption: properties of the subset of particles that are measured are representative of all the particles. The locality loophole (L) exploits configurations where the choice of measurement settings and measurement outcomes at the distant locations are not causally disconnected, i.e., not outside each others' forward and backward light cones. This loophole has been closed for two-particle Bell inequalities in photon experiments [12] [13] [14] . The freedomof-choice loophole (FoC) exploits arrangements where the choice of measurement settings is not causally disconnected from the source. This loophole was recently identified and closed using photons [14] . A loophole-free Bell inequality test has yet to be performed.
No attempts have been made to close locality loopholes in Bell experiments involving three or more particles [23] [24] [25] . The primary reason for this is source brightness. While entangled photon pairs have been generated and detected at rates in excess of 1 MHz [26, 27] entangled photon triplets have only been observed at rates on the order of Hz [28, 29] , necessitating long measurement times. In addition, further experimental challenges include high sensitivity to loss, causality relations requiring a complex experimental setup, and demanding stability.
FIG. 1. Experimental setup.
The down-conversion (SPDC) source of triggered three-photon GHZ states and Alice were located in the RAC building. Two of the entangled photons were sent to the roof through optical fibers and transmitted to trailers, Bob and Charlie, through free-space optical links. Bob and Charlie were 801 m and 721 m away from the source, respectively; the optical links used to send their photons were 772 m and 686 m long, respectively. Bob and Charlie measured their photon polarizations in one of two bases, determined by co-located QRNGs and fast Pockels cells, and recorded measurement values using time-tagging electronics. A third trailer, Randy 446 m from the source, contained a QRNG which sent random bits to Alice over a 425 m RF link determining the setting of Alice's Pockels cell. Randy contained time-tagging electronics to record the output of the QRNG for comparison with Alice's record. Alice's photon was delayed in a fiber spool before its polarization was measured and the result recorded using time-tagging electronics. Half-wave plate (HWP); quarter-wave plate (QWP); polarizing beam-splitter (PBS); avalanche photo-diode (APD); single-mode fibre (SMF).
Here we have overcome these challenges and report the experimental violation of the three-particle Mermin's inequality closing both the locality and freedom-of-choice loopholes, having to make only the fair-sampling assumption. We created three-photon polarization-entangled states and sent two of the photons to different distant locations. The correlations were extracted from measurements of each photon polarization using randomly chosen settings. Our comprehensive analysis of the space-time arrangement of the experiment establishes independence of the important events.
Mermin considered a scenario where three particles were measured at stations which we call Alice, Bob, and Charlie. Each particle was measured by a device with two settings, e.g. a and a for the device at Alice, and two outcomes, +1 and −1. The correlation, E, in the outcomes for the settings a, b, and c is defined as E(a, b, c) = P + − P − , where P + (P − ) is the probability that the product of the outcomes is +1 (−1). LHV theories must obey Mermin's inequality [17] ,
where M is the Mermin parameter. Mermin's inequality can be maximally violated using threeparticle GHZ states encoded, for example, in photon polarization,
where |H and |V represent horizontal and vertical polarizations respectively. We define the diagonal/antidiagonal (D/A) states as |D = (|H − i|V ). When we measure |D or |R , we assign the outcome +1; when we measure |A or |L , we assign −1. If we measure in the R/L basis for settings a, b, and c and in the D/A basis for setting a , b , and c then quantum theory predicts a Mermin parameter of 4, the maximum violation of the inequality.
Our experimental configuration is shown in Fig. 1 . The entangled photon source was located in a laboratory in the Research Advancement Centre (RAC) building. The source pro-duced three-photon entangled states and a fourth trigger photon which was detected locally. The four-photon coincidence rate was 39 Hz, measured at the source. Photons from the entangled state were sent to three measurement stations, Alice, Bob, and Charlie. Photons were distributed to Bob and Charlie, located in trailers approximately 801 m west and 721 m northwest of the source, via free-space links. Alice was colocated with the source, and her photon was delayed in an optical fibre. The measurement basis choice for Alice was made by a fourth party, Randy, located in a trailer 446 m east of the source. Each receiver measured the polarization in one of two bases, chosen by a fast quantum random number generator (QRNG) [30] . All single-photon detection events and Randy's QRNG results were recorded using time-tagging electronics. For more details refer to the Supplementary Information.
To test Mermin's inequality, we recorded time-tags for 1 hr 19 min, while the receivers measured either in the R/L or D/A bases. Over this time the free-space link efficiencies averaged 33% and 32% to Bob and Charlie, respectively; the long fibre efficiency at Alice was 14%. Once the experiment was completed, we extracted all four-fold events using a 3 ns coincidence window. This yielded 2,472 four-fold coincidence events, corresponding to an average rate of 0.5 Hz. The raw counts for each polarization setting are given in the Supplementary Information. Fig. 2 shows the measured correlations which constitutes a Mermin parameter of 2.77 ± 0.08, where the uncertainty is based on Poissonian count statistics. These results significantly violate Mermin's inequality by over 9σ. Furthermore, for the measurement settings which we employed, our violation of Mermin's inequality shows that our state was genuine tripartite entangled [31] .
We performed additional tests of Mermin's inequality with different phase settings in the GHZ state; in all cases we measured a significant violation and the correlations depended on the phase as expected. The results are described in the Supplementary Information.
The timing and layout of the experiment are both critical for closing the locality and freedom-of-choice loopholes. The space-time analysis of our setup includes: the locations of the components, measured delays, delays inferred from distance measurements, autocorrelation times of the QRNGs, and the asynchronous QRNG sampling. This analysis is summarized in Fig. 3 and fully detailed in the Supplementary Information. In Fig. 3 (a) the distances and angles from the Source/Alice to Bob, Charlie, and Randy are shown. Note that Fig. 1 shows the free-space optical link distances whereas Fig. 3 shows the straight-line distances between the source and stations.
The space-time description of the experiment is inherently 3+1-dimensional, however we can extract all relevant information from six 2-dimensional slices, one for each pair of locations, shown in Fig. 3 (b) -(e). All times and positions are given in the laboratory frame of reference. For compactness, Fig. 3 (b) and (d) each depict two 2D slices, however, since the locations are non-collinear the two halves of the diagram (positive and negative position) should be interpreted independently. For example, in Fig. 3 (b) , the GHZ state is produced at the origin and labelled State creation. The red diagonal lines emanating from the origin define the past and future light cones of the source production event. Those events on or above the future light cone could be causally influenced by the source according to special relativity, while those events on or below the past light cone could causally influence the source. Those events outside the light cones of the source are independent and cannot influence nor be influenced by the source. Now consider the right half of Fig. 3 (b) , describing events relevant to the Source/Alice and Bob. Bob's events take place at his position 801 m from the source. The photon arrives at Bob's Pockels cell at time t = 3032 ns. We consider the measurement to be complete when the photon detection event is stored in the memory of the time-tagging electronics; adding the optical and electronic delays, the measurement at Bob occurs at t = 3079 ± 24 ns and is labelled Bob measurement.
We consider the random number generated in the QRNG when a photon from a light-emitting diode (LED) hits the beamsplitter inside the device. The latest time that the QRNG output could determine the measurement setting for his received photon is 665 ns before the photon passes through the PC (i.e., at t = 2367 ns); this is labelled Bob basis late. This event occurs 304 ± 25 ns outside the source light cone, thus satisfying the FoC condition in this case. The earliest time at which the QRNG determines the setting is 1200 ns earlier at t = 1167 ns, which includes 1000 ns for asynchronous sampling of the QRNGs, and 200 ns for the QRNG autocorrelation, and is labelled Bob basis early. Alice is co-located with the source at position 0 m and her measurement labelled Alice measurement occurs at t = 2926 ns. This event is 911±42 ns outside the light cone (green line) of the earliest basis setting at Bob, satisfying the locality condition here.
We summarize results for the other five slices shown in Fig. 3 (b) -(e), with labels defined using the same convention. In all cases, the basis choice is made outside the light cone from the source creation event by at least 304 ± 25 ns ensuring the FoC loophole is closed. The measurement at any location is completed outside the light cone of the earliest possible basis choice at each other location by at least 264 ± 28 ns ensuring the locality loophole is closed.
To test if the observed correlations depend on fast random switching, we performed an additional experiment comparing the case of the measurement bases selection by QRNGs to the case where they were deterministically selected with 500 kHz periodic signals from function generators. Mermin's inequality was violated in both cases indicating no significant difference between deterministic and random switching. These results are in the Supplementary Information.
Our results suggest several interesting avenues for future research, such as extending the setup to close the locality loopholes for Mermin inequalities with larger numbers of particles, testing more general non-local hidden-variable models [32] , and studying the improvements in source technology and link efficiency required to perform a loophole-free Mermin inequality. Our setup yielded a Mermin parameter only slightly reduced from that estimated from quantum state tomography measured directly at the source, demonstrating that multi-photon entanglement was distributed with high fidelity. Our experiment is thus an exciting new platform for multi-party quantum communications protocols [19] .
SUPPLEMENTARY INFORMATION: EXPERIMENTAL THREE-PARTICLE QUANTUM NONLOCALITY UNDER STRICT LOCALITY CONDITIONS METHODS
We produced two sets of photon pairs with wavelengths of 790 nm using spontaneous parametric down-conversion (SPDC) from two consecutive sources pumped by a pulsed laser. Combining one photon from each pair in a linear optics setup, we produced three-photon polarization-entangled GHZ states in modes a, b, and c with a trigger photon in mode t, and coupled each photon into single-mode fiber. Locally, we measured singles rates of 576 kHz, 386 kHz, 417 kHz, and 476 kHz for modes a, b, c, and t respectively, and a four-fold coincidence rate of 39 Hz by connecting the short fibers directly to the avalanche photodiode (APD) detectors. From quantum state tomography [33] , our source fidelity was (82.9 ± 0.3)% with the target GHZ state. Based on this reconstruction, the maximum Mermin parameter was M = 3.08 for optimal measurements.
The photons from the source were distributed to the measurement stations. The trigger photon was connected via a 2 m optical fiber directly to a detector. The photon in mode a was connected to a 580 m fiber spool followed by a receiver located on the source optical table. The photons in modes b and c were sent through two 85 m fibers to separate sending telescopes inside a dome on the RAC rooftop and transmitted over 772 m and 686 m free-space links to receiver telescopes at Bob and Charlie, respectively. Each receiver at Alice, Bob, and Charlie measured the polarization of the photons in one of two bases. Each basis choice was determined by a quantum random number generator (QRNG) [30] . In each QRNG, photons from a light emitting diode (LED) light were detected by one of two photon counters after a beamsplitter, resulting in random bits then sampled at a rate of 1 MHz; these bits controlled a Pockels cell (PC) thereby determining the polarization measurement. At Bob and Charlie, the QRNGs were co-located with the receivers. In Alice's case, basis choices were determined by the QRNG at Randy, sent to Alice via a 425 m radio-frequency (RF) link to a receiver outside the RAC building. All detection events and QRNG outputs were recorded at each station using time-tagging electronics with a precision of 156.25 ps, referenced using a 10 MHz clock from GPS units.
The receivers were initially set to measure either the H/V or R/L bases depending on the QRNG setting. In a nighttime experiment, we aligned the free-space links using visible and infrared laser diodes. We ensured horizontal and vertical polarizations were faithfully transmitted by adjusting polarization controllers on local count rates at each station. In the ideal case, this ensured the receivers measured a state of the form of Eq. 2, up to a relative phase. Setting this phase was more difficult as it is a global property of the GHZ state and cannot be fixed by observing local counts. Therefore we measured four-photon coincidences between trigger, Alice, Bob, and Charlie in real time. All time-tags were sent to the computer at RAC over the Internet. Incorporating the delays in the experiment, custom software found four-photon detection events for each combination of polarizations and calculated the polarization correlations. The relative phase in the GHZ state was set by tilting a quarter-wave plate (QWP) in mode c to maximize the four-fold rates for triggered |RRR , |RLL , |LRL , and |LLR events. Ideally, this procedure prepared the state in Eq. 2.
To test Mermin's inequality, we rotated the QWP in front of the Pockels cell in each receiver from 0
• to 45
• so that the receivers measured either in the R/L or D/A bases. Over the course of the 1 hr 19 min experiment, Alice, Bob, and Charlie averaged single-photon detection rates of 78 kHz, 126 kHz, and 131 kHz, respectively with an average trigger rate of 505 kHz, giving a four-fold coincidence rate of 0.5 Hz. From these numbers we find that the free-space link efficiencies averaged 33% and 32% for Bob and Charlie, respectively, and the long fiber efficiency at Alice was 14%.
DETAILED EXPERIMENTAL DESCRIPTION
Source of Three-Photon GHZ States
Our source of triggered three-photon GHZ states was based on two consecutive spontaneous parametric down-conversion (SPDC) sources and an interferometer [35] , as shown in Fig. 4 . The two sources were pumped with a pulsed titanium:sapphire laser (Spectra Physics Tsunami HP, repetition rate 80 MHz, average power 2.5 W, center wavelength 790 nm, and bandwidth 11.7 nm, FWHM) which was frequency doubled in a bismuth borate (BiBO) crystal to 395 nm (bandwidth 1.75 nm, and average power 810 mW). The first source (SPDC 1 ) was pumped directly with the horizontally polarized (|H ) up-converted beam focused onto a 1 mm thick β-barium borate (β-BBO) crystal cut for type-I non-collinear degenerate SPDC in order to produce verticallypolarized photon pairs at a wavelength of 790 nm. One of the photons, labeled t for "trigger", passed through a polarizer and an interference filter (center wavelength 790 nm, bandwidth 3 nm), before being coupled into a single-mode fiber and detected with a single-photon detector. The other photon passed through a similar filter and was coupled into a single-mode fiber. The pump pulse passed through a half-wave plate (HWP) followed by compensation crystals (C t ) before pumping the second SPDC source (SPDC 2 ) made up of a pair of orthogonally oriented β-BBO crystals (also 1 mm thick type-I) used to create photon pairs in a Bell state [25] . The HWP rotated the pump polarization from horizontal to diagonal such that each pump photon was equally likely to produce a down-converted photon pair in either the first or the second BBO crystal. Compensation crystals eliminated temporal distinguishability between photons created in each BBO crystal and consisted of a 1 mm thick α-BBO crystal and a 2 mm thick quartz crystal cut for maximum birefringence (together referred to as C t in Fig. 4) . Spatial walk-off was compensated in the first arm with a 1 mm thick BiBO (C s ) and in the second arm with two BiBO crystals (C s ) totalling 1.25 mm thickness. These photons were also spectrally filtered and coupled into single-mode fibers. The combined state of the four photons at this point was of the form
, with some phase, θ, between the two terms of the Bell pair.
To produce the GHZ state, the photon in mode b was sent to a polarizing beamsplitter (PBS). The photon in mode c was rotated from vertical to diagonal polarization, passed through a diagonal polarizer, a HWP for fine-tuning and was sent to the PBS. The photons in modes b and c were made to temporally and spatially overlap at the PBS by adjusting the path length of mode b via a motorized translation stage. In mode c, a QWP with its fast axis vertically oriented was mounted on a motorized rotation stage to finely control the phase, φ, of our state. Additionally, a QWP in mode b could be inserted to introduce specific phase shifts (0, π/2, π, and 3π/2). A fourfold coincidence detection in the four outputs a, b, c, and t indicated the generation of the desired GHZ state
in modes a, b, and c. With no analyzers in place we directly measured the singles rates of 576 kHz, 386 kHz, 417 kHz, and 476 kHz for modes a, b, c, and t respectively, and a fourfold coincidence rate of 39 Hz.
To completely characterize our state, we performed quantum state tomography immediately following the Mermin inequality experiments by inserting polarization analyzers in each arm, a, b, and c. Our polarization analyzers consisted of a HWP, followed by a QWP, and finally a PBS as shown in Fig. 4 . The photons transmitted through the PBS were coupled into single-mode fibers and sent to local single-photon counting modules and coincidence logic with a coincidence window of 6 ns.
We used the measurement settings |H , |V , |D , |A , |R and |L for each photon, resulting in a total of 216 three-photon polarization measurements. We randomly cy-cled through all the measurement settings, counting for 5 s each, and repeated this procedure 10 times in order to average out fluctuations in the source. Using this data, we applied an iterative maximum-likelihood tomography algorithm [33] to reconstruct the state. The real and imaginary parts of the density matrix are shown in Fig. 5 . The fidelity with the desired state |GHZ π , where the phase was set to φ = π, was (82.9 ± 0.3)%. The error on the fidelity is estimated using a Monte Carlo simulation. Note that the phase was adjusted to different settings using the QWPs during the Mermin inequality tests. From the reconstructed density matrix we calculate the highest possible Mermin parameter to be M = 3.08 for the optimal measurement settings. 
Free-Space Receiver Configuration
A schematic of the free-space receivers employed at Bob and Charlie is shown in Fig. 6 . Alice used the same setup, without the initial telescope lenses and interference filter. A 150 mm diameter achromatic lens with a focal length of 400 mm (Optarius 12-7555) together with a second smaller lens (New Focus 5724-B-H 8.0 20x, diameter 9.9 mm, focal length 8.0 mm; or New Focus 5725-B-H 11.0 16x, diameter 7.2 mm, focal length 11 mm) collected and collimated the incoming beam for the polarization analyzer. A 790 nm bandpass interference filter with bandwidth 10 nm was used to suppress background. A flip-mounted mirror could be inserted along with a polarizer (not shown) to aid in alignment of the analyzer. FIG. 6. Schematic of the receiver telescope. Incoming light was focussed and collimated using a 150 mm telescope lens and 10 mm lens, before passing through a 10 nm interference filter (IF). In the dashed box, a Pockels' cell (PC), together with the QWP (γ = 45
• ) and two HWPs (θ = −11.25
• ), acted as the identity when a "0" was received from the QRNG, or as a HWP at 22.5
• when a "1" was received. Before the dashed box, when the QWP was set at α = 0
• measurements were made in the H/V and R/L bases, for QRNG outputs and 0 and 1, respectively. When α = 45
• , measurements were made in the R/L and D/A bases.
Each polarization analyzer contained a Pockels cell (Leysop Ltd, RTP-4-20-AR800-DMP) with a response time of 10 ns. The Pockels cell (PC) received a "0" or "1" signal from the QRNG and switched to the negative or positive of its quarter-wave voltage, respectively. Output from the QRNG was sampled at 1 MHz and was converted to a series of pulses using a complex programmable logic device (CPLD) electronic driver which switched the PC. The crystal in the PC had its optic axis at 45
• , so that when it received a "0" ("1") it acted as a QWP at −45
• (+45 • ). We used a QWP with optic axis at γ = 45
• directly before the PC so that it could be operated at its quarter-wave voltage rather than its half-wave voltage [14] , enabling higher-speed switching. To calibrate the PC, we finely tuned its quarter-wave voltage, tip and tilt of the crystal, and angles of the QWP and HWPs. We measured contrasts of approximately 100:1 in each basis.
If the QRNG output was "1", then the QWP with γ = 45
• and PC("1") acted as a HWP set to 45
• . The HWPs before and after the QWP-PC combination were both set to θ = −11.25
• so that together the elements inside the dashed box acted as a HWP at 22.5
• . A QWP (α) was placed before this arrangement. By setting this QWP to α = 0
• , which we did when setting the phase of the GHZ state, an incoming photon with polarization L (R) got mapped to H (V). This QWP was set to α = 45
• to test Mermin's inequality; for this setting, photons entering the receiver setup with polarization D (A) got mapped to H (V).
If the QRNG output a "0", then the QWP with γ = 45
• and PC("0") acted as the identity operation. With the HWPs included, it still acted as the identity. When the QWP (α) was set to 0 • , incoming photons of polarization H (V) were un-
• the R (L) polarization was mapped to H (V). The projective measurement was made by a PBS, after which transmitted and reflected photons were collected into multi-mode fibers and detected with single photon detectors.
Quantum Random Number Generators
We employed quantum random number generators based on the random splitting of photons on a beamsplitter [30] . This particular method has the benefit that it provides random signals in a very brief time frame and does not introduce additional lag times from the post-processing of data. Each QRNG contained a green LED, a 50/50 beamsplitter, two photon counting photomultiplier tubes (PMT, Hamamatsu H10721P-110), and a flip-flop to hold the random bit. The device was packaged inside a nuclear instrumentation module.
The LED light passed through a pinhole and was split by the beamsplitter. Photons from each beam were detected using a PMT with counting threshold adjusted to output counts at a rate of 14 MHz. Both detectors were connected to the electronic flip-flop, such that the "1" detector set the flip-flop to state 1 and the "0" detector reset the flip-flop to state 0. The output of the flip-flop was then sampled by external logic at 1 MHz. Fine adjustment of the photomultiplier tube thresholds balanced the number of 0s and 1s to 500 kHz each with an accuracy of about ±1%.
We directly measured the output of each QRNG before the 1 MHz sampling. From these data, we calculated the autocorrelation function of each QRNG. Fig. 7 shows a typical autocorrelation function for one of our QRNGs with an exponential fit to the data giving a 1/e autocorrelation time of 38 ns. This characterizes the timescale over which the QRNG output is predictable. To account for this predictability over short times, we included a QRNG autocorrelation time factor in our space-time analysis of 200 ns, over 5 times the 1/e timescale. Furthermore, the sampling rate of the QRNG at 1 MHz or every 1 µs was on a much longer timescale than the autocorrelation time, thus subsequent output bits are uncorrelated.
Internal hardware delays of 33 ± 3 ns, 34 ± 3 ns, and 37 ± 3 ns were measured for the QRNGs at Alice, Bob, and Charlie respectively by pulsing the light-emitting diode and recording the time when the flip-flop switched. These measured delays are incorporated into the space-time analysis.
During the experiment we monitored the performance of the QRNGs in two ways. First, we measured the relative bias between ones and zeros in the QRNG output. Second, we recorded sequences of repeated bits, blocks of 0's or 1's with exactly n length, where we include block lengths from n = 1 to n = 16, for each second of QRNG output. We calculated the χ 2 parameter [36] to quantify how far the output of each QRNG was from the distribution of block sizes expected from a truly random number generator, which is expressed as
Here P i k is the measured probability of finding a string of length i comprised entirely of bit value k in the given QRNG output; P i k,th is the probability of finding a string of length i of entirely bit k in a truly random output. The QRNGs were adjusted to optimize their performance. Over the course of the experiment Alice, Bob, and Charlie measured average χ 2 values of 33.0, 41.1, and 68.1 respectively, assuming equal probabilities for 0 and 1. We also calculated χ 2 values for each location taking into account the bias of the QRNGs. The average values of this biased χ 2 parameter for Alice, Bob, and Charlie were 30.5, 34.8, and 48.0 respectively. The basis selection made at Randy was transmitted to Alice via a free-space RF link. Electronic pulses output from the QRNG and CPLD logic at Randy were converted from digital to analog signals using a commercial video electronics transceiver, and sent to the RAC building using a 2.4 GHz parabolic antenna. An identical receiving antenna was placed outside the RAC building, along with a second transceiver to digitize the signal. A CPLD logic unit at Alice, connected to the RF receiver via a coaxial cable, sampled the incoming signal at a rate of 80 MHz, and output pulses for the Pockels cell whenever it detected a change in basis. Finally, since Alice's random numbers were generated at Randy, we recorded the random numbers at both locations in order to verify the faithful transmission. Over the course of the experiment 4,450,916,576 random bits generated at Randy were correctly sent to Alice without a single error.
Electronics and Software
All single-photon detection events were recorded using time-tagging electronics (156.25 ps precision) with GPS timing units (Spectrum Instruments TM-4) to provide a 10 MHz reference signal. A one pulse-per-second (1PPS) signal from the GPS units was also recorded along with detailed date and time information via an RS-232 interface in order to aid synchronization and coincidence searching. We simultaneously recorded time-tags for each QRNG both to monitor their performance and correlate detection events with measurement settings. With each time-tag saved as a double-precision integer (64 bits) and measurement result saved as a byte (8 bits), this produced data files that were approximately 48 GB in size at each of the four locations over the course of the experiment detailed in the main text.
To set the phase of the GHZ state and monitor the experiment during data acquisition, measured time-tags were transmitted over a long-distance wireless network to the computer at RAC. The wireless network supported upload rates of 30 Mbps for each of Bob and Charlie and also allowed remote operation of their computers from RAC. Custom software correlated detection events and measurement settings using timetags, then found the two-fold coincidence counts between Alice & Bob and Alice & Charlie and the appropriate offset delays, and then finally the four-fold coincidences including the trigger detection events.
SPACE-TIME ANALYSIS

Locations and Delays
The locations in the experiment were measured using a GPS timing unit, integrating signals over about 10 min at each location. The coordinates of Bob, Charlie, Randy, the RF receiver outside the RAC building, and the rooftop dome on RAC were directly measured. We could not obtain a GPS signal inside the RAC building, so instead measured the four corners of the building and calculated the position of Alice and the Source based on building schematics. Elevations were determined using city and regional data [37] . The coordinates are shown in Table I . We convert these into 3-dimensional Cartesian coordinates and use an uncertainty of 5 m in each dimension for our calculations, based on the manufacturer's specifications of the GPS unit.
Our space-time analysis incorporates all delays experienced by the photons, starting from their creation in the source, until they are ultimately detected and recorded in the time-tagging electronics of Alice, Bob, or Charlie. Table II shows the delays for a photon that arrives at each site. For each path, we measured the path length in the source, labelled Source Path. In Alice's case this was the free-space distance from the down-conversion crystal to the fiber coupler; for Bob and Charlie's cases, this included free-space distance from the down-conversion crystal to the first fiber couplers, the short fibers into and out of the HOM interferometer, and the freespace distance inside the interferometer to just before the long fibers to the roof top. We separately measured the optical delay through the long fiber spool for Alice, labelled Delay fiber, plus a short free-space path before the Pockels cell. We measured the delay through the long fibers from the lab to the roof top for Bob and Charlie, labelled Fiber to roof and telescope. This delay includes the telescope itself. Next we calculated the free-space delay based on the measured free-space distance from the telescope to the Pockels' cell in each receiver, labelled Free-space. Finally, we measured the optical delay from the Pockels cell to the detector, the detector and electronic delay, estimated (based on cable length and internal clock frequency) the time needed to enter the time-tagger memory; this is labelled Measurement. Our model also requires the times at which the measurement basis choices are made. Because the source, QRNGs, and receiver logic were not synchronized, this does not occur at a specific time relative to the source creation, but rather occurs over some range of times. We thus require the earliest and latest times at which each basis choice was made at each location.
A summary of the important times is shown in Table III . We begin by describing the time of the measurement settings at Bob and Charlie. The time from an LED photon in the QRNG hitting the beamsplitter to the generation of electronic output pulses for the Pockels cell is labelled QRNG logic. These pulses trigger the Pockels cell after the delay labelled PC. The sampling of the QRNGs were not synchronized to each other, or to the source. To account for this, we incorporate an additional basis sampling period of 1 µs to the maximum time before the measurement that the QRNG could have set the basis; this is labelled QRNG asynchronicity. We also add an additional autocorrelation factor to this maximum time labelled QRNG autocorrelation as described earlier to account for QRNG predictability over short times. The CPLD electronic driver contained an electronic delay written into its firmware, labelled Extra programmed delay. Together with the chosen locations, this programmable delay was used to optimize the loophole closure tolerances. Adding these delays up, we find that Bob's basis selection occurred at minimum 665±6 ns and at maximum 1865±6 ns before his Pockels cell was triggered. Similarly, Charlie's basis selection occurred at minimum 663 ± 6 ns and at maximum 1863 ± 6 ns before his cell was triggered. To place these events in the space-time diagrams in Fig.3 , we start from the total photon delay from Table II and subtract the measurement time; this is the delay from the source to a Pockels cell. From this we subtract the maximum total basis selection delay from Table III to find the earliest time at which the basis was selected, labelled for example Bob basis early in Fig. 3 . We can subtract instead the minimum total basis delay to find the latest time, labelled for example Bob basis late.
The time of the measurement settings for Alice has some additional contributions as it is made at another location: Randy. Here, the QRNG logic delay measures the time between an LED photon hitting the beamsplitter to the generation of an electronic output pulse which will then be transmitted over the RF link. This is longer than for Bob and Charlie due to the delay from one extra clock cycle in Randy's CPLD electronic driver. The time for an electronic signal to pass over the free-space RF link, including the transmitting and receiving electronics, is labelled RF free-space. On the receiving end of the link, the signal passes from outside RAC to Alice by a Coaxial cable. The signal passes to the RF receiver logic, a CPLD electronic driver, which samples the signal at 80 MHz and outputs electronic pulses for Alice's Pockel's cell. We account for additional asynchronicity due to this receiver logic by adding another 12.5 ns to the maximum time for the basis selection; this is labelled RF receiver logic async. and delay. 
Tolerances for Loophole Closures
We first calculate the minimum temporal separation between the relevant events which show our closure of the freedom-of-choice loophole using the values in Tables II and  III , and the distances between experiment locations from Table I. Working back from when Bob detects a photon, we calculate his latest possible basis choice correlated to this detection as: 
The time a signal at the speed of light takes to travel from the photon source to Bob is 800.6 m 0.299792 m/ns = 2670.5 ns.
Therefore, the tolerance for the freedom-of-choice loophole closure is 2670.5 ns − 2366.5 ns = 304 ns, shown as a red arrow in Fig. 3 (b) . Thus, a signal carrying information about the source state generation, travelling at the speed of light, is 304 ns too late to affect Bob's choice of measurement basis. Next we calculate the tolerance for the locality loophole closure. This occurs in the space-time slice containing Randy and Charlie in Fig. 3 (d) . The earliest possible basis choice from Randy's QRNG can be worked back from Alice's detection event: 
The earliest basis choice at Randy is 551.9 ns before the source produces the photons. The time a signal travelling at the speed of light takes to arrive at Charlie from Randy is 
where the distance between Randy and Charlie (1081.45 m) can be calculated from Fig. 3 (a) . Therefore, the tolerance for the locality loophole closure is 3055.4 ns − 2791.5 ns = 263.9 ns, as shown in red in Fig. 3 (d) .
ADDITIONAL EXPERIMENTAL RESULTS
Main Text Mermin Inequality Results
To support the data shown in the main text, we provide the raw counts measured in the 1 hr 19 min experiment. These are shown in Table IV sorted by the 64 different possible measurement combinations. From these results we can extract 8 correlations, four of which were used to calculate Mermin's inequality in the main text. The remaining four can also be used to test Mermin's inequality keeping the measurement settings the same, such that a, b, and c correspond to R/L and a , b , and c to D/A, but writing the inequality in the (equally valid) form,
We show all 8 correlations in Fig. 8 Mermin's inequality with a Mermin parameter of M = 2.77± 0.08; the remaining four yield a Mermin parameter M = 0.77 ± 0.11 and do not show a violation, as expected. 
Additional Phases
In addition to the Mermin inequality violation discussed in the main text, we performed additional tests where the three phases (φ ∈ {+π/2, −π/2, 0} in Eq. 3) for the GHZ state were prepared. In each case, we measured data for approximately 30 min. The relevant correlations corresponding to a Mermin inequality for each state are summarized in Table V . For all cases we measured a significant violation of Mermin's inequality. Note that the measured correlation values change sign when we change the GHZ state phase from φ = −π/2 to φ = π/2 as expected. When the phase is set to φ = 0, we use the four correlations comprising M to show a violation. 
Random to Deterministic Basis Choices
We examined the effect of switching from random basis choices made with the QRNGs to deterministic, periodic choices made with function generators on the measured Mermin parameter. In each case we integrated measurements for approximately 15 min. We began with the source set to produce |GHZ − π 2 states and the QRNGs used to choose the measurement bases. The appropriate measured correlations used to calculate Mermin's inequality are shown in the top half of Table VI. Then Alice, Bob, and Charlie used deterministic function generators, set to output a periodic 500 kHz square wave, to choose their measurement bases. During the experiment, there was a problem with Charlie's PC and data had to be combined from two shorter successful measurements, resetting the PC electronics in between. The measured correlations for this case are shown in the bottom half of Table VI . From these measurements we see the Mermin's inequality is violated regardless of whether the switching is random or periodic. 
